We present the results of solid state nuclear magnetic resonance (NMR) experiments on HIV-1 capsid protein (CA) assemblies with three different morphologies, namely wild-type CA (WT-CA) tubes with 35-60 nm diameters, planar sheets formed by the Arg 18 -Leu mutant (R18L-CA), and R18L-CA spheres with 20 -100 nm diameters. The experiments are intended to elucidate molecular structural variations that underlie these variations in CA assembly morphology. We find that multidimensional solid state NMR spectra of 15 N, 13 C-labeled CA assemblies are remarkably similar for the three morphologies, with only small differences in 15 N and 13 C chemical shifts, no significant differences in NMR line widths, and few differences in the number of detectable NMR cross-peaks. Thus, the pronounced differences in morphology do not involve major differences in the conformations and identities of structurally ordered protein segments. Instead, morphological variations are attributable to variations in conformational distributions within disordered segments, which do not contribute to the solid state NMR spectra. Variations in solid state NMR signals from certain amino acid side chains are also observed, suggesting differences in the intermolecular dimerization interface between curved and planar CA lattices, as well as possible differences in intramolecular helix-helix packing.
The mature capsid of human immunodeficiency virus type 1 (HIV-1), which encloses the RNA genome, is a purely proteinaceous shell formed by roughly 1500 copies of a single 231residue capsid protein (CA) 3 (1) . The capsid shell is comprised primarily of a triangular lattice of CA hexamers (2) (3) (4) (5) (6) . Accord-ing to the influential "fullerene model" (7) , closure of the capsid shell may result from the replacement of precisely 12 CA hexamers at specific locations by CA pentamers (8) . However, unlike the icosahedral capsids of certain retroviruses (9) , HIV-1 capsids are asymmetric. Although capsids within mature HIV-1 often have an approximately conical morphology, large morphological variations have been reported (10) , as well as variations in apparent closure (11) . Studies of pure CA performed in vitro have also found a wide variety of morphologies for CA assemblies, including tubes with 40 -60 nm diameters (3, 4, (12) (13) (14) (15) , spheres with minimum diameters of 20 nm and maximum diameters exceeding 10 m (2, 13, 16) , planar sheets (2) , and assemblies with asymmetric morphologies resembling those within mature HIV-1 (7, 13, 16) .
Essential information about CA molecular structure and lattice structure has been obtained from a large number of investigations by electron microscopy (2-4, 7), x-ray crystallography (5, 6, 8, (17) (18) (19) (20) , and multidimensional nuclear magnetic resonance (NMR) spectroscopy of soluble monomeric and dimeric constructs (21) (22) (23) (24) (25) (26) (27) (28) (29) . Results from these investigations show that CA is primarily ␣-helical, with independently folding N-terminal (helices 1-7) and C-terminal (helices 8 -11) domains (NTD and CTD), connected by a short linker that allows the relative orientations of NTD and CTD to vary widely in the unassembled, soluble state. In tubular and planar CA lattices, hexamers form through intermolecular NTD-NTD and NTD-CTD interactions around local 6-fold symmetry sites and are linked to one another by CTD-CTD interactions at local 2-fold symmetry sites. Simulations using highly simplified representations of CA show that these interactions, together with the overall shapes of NTD and CTD, are sufficient to explain triangular lattice formation (30, 31) . Additional interactions among groups of three CTD units at local 3-fold symmetry sites also contribute to CA lattice stability (26, 32) . In an ideal planar lattice, all CA monomers can be structurally equivalent, as in the planar lattices characterized by electron diffraction and x-ray crystallography (2, 5) . In a non-planar assembly, differences in lattice curvature in different directions necessarily lower the symmetry, placing different monomers in different structural environments and allowing differences in intermolecular interactions and monomer conformations.
The major variations in CA assembly morphology observed both in vitro and in mature HIV-1 suggest that certain aspects of the molecular and/or supramolecular structures of CA lattices may also be highly variable. In the case of closed CA assemblies, morphological variations may arise in part from variations in the locations of pentamers, or possibly other types of defects (11, 30, 33, 34) . However, pentamer locations alone cannot explain the variations in surface curvature over an entire closed assembly, and cannot explain the differences in surface curvature parallel and perpendicular to the long axes of tubular assemblies (which in principle may contain pentamers at their ends, but not elsewhere).
At least three structural factors, in addition to the presence of pentamers, may contribute to variations in CA assembly morphology and lattice curvature. First, flexibility or conformational heterogeneity in the NTD-CTD linker may permit variations in the relative orientation between NTD and CTD subunits of individual monomers. Second, the identities and geometries of intermolecular interactions may vary within hexamers and/or between hexamers at local 2-and 3-fold symmetry sites. Third, conformational features within individual NTD or CTD subunits, such as helix-helix contacts and angles, may vary.
An all-atom model for CA tubes developed by Zhao et al. (4) , based on data from cryo-electron microscopy (cryo-EM; PDB file 3J34), amply illustrates these three factors. Within one hexamer in this model, the relative orientations of NTD and CTD subunits in individual monomers vary by more than 10°; intermolecular angles between helix 9 pairs at local 2-fold symmetric sites vary by roughly 20°; intermolecular distances between helix 10 pairs at local 3-fold symmetry sites vary between 7.5 and 19.1 Å (based on ␣-carbon sites of Thr 200 ); backbone ␣-carbon root mean square deviation (r.m.s. deviation) values between pairs of NTD subunits (residues 14 -140) within one hexamer exceed 3.5 Å; backbone ␣-carbon r.m.s. deviation values between pairs of CTD subunits (residues 150 -219) within one hexamer exceed 1.5 Å. In contrast, in high-resolution crystal structures of engineered CA hexamers and pentamers (PDB files 3MGE and 3P05) (6, 8) , backbone r.m.s. deviation values between NTD subunits in hexamers and NTD subunits in pentamers are less than 0.4 Å; backbone r.m.s. deviation values between CTD subunits in hexamers and CTD subunits in pentamers are less than 0.5 Å. In light of these observations, it remains uncertain which structural factors contribute most to variations in CA assembly morphology and lattice curvature.
It should also be noted that the HIV-1 Gag polyprotein, which contains CA linked covalently to the HIV-1 matrix and nucleocapsid proteins, forms a curved lattice within immature virions (35, 36) . According to recent cryo-EM studies (37) , this immature lattice is also a triangular lattice of CA hexamers, but with quite different intermolecular interactions and with quite different relative orientations between NTD and CTD subunits of individual monomers.
Publications since 2010 from our laboratory (14, 15) and from Polenova and co-workers (16, 38 -40) demonstrate that HIV-1 CA assemblies are amenable to solid state NMR experiments. Solid state NMR measurements can provide high-resolution, site-specific information about protein structure and dynamics in large non-crystalline assemblies (41, 42) , thus providing data that are complementary to data from x-ray crystallography, electron microscopy, and liquid state NMR. Recently, Bayro et al. (15) reported extensive solid state NMR experiments on CA tubes, including identification of structurally ordered and disordered protein segments, nearly complete 15 N and 13 C chemical shift assignments from two-and three-dimensional solid state NMR spectra of samples that were prepared with several different isotopic labeling schemes, and identification of site-specific conformational changes that accompany CA self-assembly.
One of the important findings from the work of Bayro et al. (15) is that 177 of the 231 residues in wild-type CA (WT-CA) produce strong, resolvable signals in multidimensional solid state NMR spectra. Definite site-specific signal assignments were obtained for 159 residues, including residues in helices 9 and 10 that are involved in intermolecular interactions at local 2-and 3-fold symmetry sites, respectively, and including signals from amino acid side chains of these helical segments. (Additional assignments for four residues in WT-CA tubes were obtained subsequently, namely Gly 8 , Met 68 , Ala 174 , and Val 181 .) This finding implies that the conformations of structurally ordered segments in NTD and CTD and the geometries of intermolecular interactions do not vary greatly within CA tubes, despite the lowering of symmetry discussed above, and despite the fact that the solid state NMR samples contain CA tubes with a variety of diameters and helical pitches. Bayro et al. (15) also identified 29 residues that are not detectable in multidimensional solid state NMR spectra under standard measurement conditions, including portions of the N-terminal "hairpin" segment (specifically, residues 7 and 9 -13), the cyclophilin A binding loop (residues 96 -97), the NTD-CTD linker (residues 141-146), and the C-terminal tail (residues 220 -231). Thus, structural variations within WT-CA tubes may be confined to the protein segments that are invisible to solid state NMR. Conformational distributions within these segments may vary from monomer to monomer. Bayro et al. (15) provided evidence that the conformational disorder within these segments is largely dynamic (15) . Similar conclusions were reached by Polenova and co-workers (40) in a recent study of site-specific dynamics in WT-CA tubes.
In this paper, we report the results of solid state NMR measurements on assemblies formed in vitro by the Arg 18 -Leu mutant of CA (R18L-CA). As demonstrated in earlier studies by Ganser-Pornillos et al. (2) , R18L-CA forms spherical assemblies with diameters as small as 20 nm under buffer conditions where WT-CA forms tubes. Under somewhat different buffer conditions, R18L-CA forms two-dimensional crystals (i.e. planar sheets), which were used by Ganser-Pornillos et al. (2) in their characterization of the CA lattice structure by electron diffraction. Although R18L-CA is not a naturally occurring variant, it allows us to make direct comparisons among morphologically distinct CA assemblies. The comparisons of solid state NMR data for WT-CA tubes, R18L-CA spheres, and R18L-CA sheets reported below provide additional insights into structural and dynamical variations that underlie major variations in the morphology of CA assemblies.
Experimental Procedures
Protein Expression and Purification-WT-CA and R18L-CA in pET-11a vector were expressed in Escherichia coli BL21(DE3) cells following the protocol described by Bayro et al. (15) Purification was also performed according to the published procedure, with some modifications for R18L. After lysis of the cells from 1 liter of M9 medium and centrifugation at 9000 ϫ g for 30 min, the supernatant was collected and mixed slowly with saturated (NH 4 ) 2 SO 4 solution until the (NH 4 ) 2 SO 4 solution reached 25% of the final volume. The mixture was kept on ice for 2 h. The protein precipitate was collected and redissolved in 20 ml of 20 mM Tris buffer (pH 8.0) with 5 mM ␤-mercaptoethanol. The protein solution was dialyzed against 20 mM Tris buffer (pH 8.0, 5 mM ␤-mercaptoethanol) for 24 -48 h, with buffer changes every 8 -16 h, to remove residual (NH 4 ) 2 SO 4 . After another centrifugation to remove the insoluble precipitate, the protein solution was then dialyzed against buffer A (25 mM K-MOPS at pH 6.9 (WT-CA) or 6.5 (R18L-CA) with 5 mM ␤-mercaptoethanol) for 24 -48 h. R18L-CA was purified using Sepharose resin (HiLoad 16/10 SP Sepharose High Performance, GE Healthcare) with a linear gradient of buffer B (25 mM K-MOPS, 1.0 M NaCl at pH 6.9 (WT-CA) or 6.5 (R18L-A) with 5 mM ␤-mercaptoethanol) in 20 column volumes. WT-CA eluted around 15% buffer B, whereas R18L-CA eluted around 9% buffer B.
Uniformly 13 C, 15 N-labeled samples (U-WT-CA and U-R18L-CA) were prepared by using D-[ 13 C 6 ]glucose (2.5 g/liter) and 15 N-labeled NH 4 Cl (1.5 g/liter) in the M9 medium. Partially 13 C-labeled samples (2-Glyc-WT-CA, Met-WT-CA, and 2-Glyc,Met-R18L-CA) were prepared in a similar way, with [2-13 C]glycerol (3.0 g/liter) and/or uniformly 13 C, 15 N-labeled methionine (240 mg/liter) in the growth medium in place of D-[ 13 C 6 ]glucose. Samples and NMR measurements discussed in this paper are listed in Table 1 .
Preparation of Tubular, Spherical, and Planar Assemblies-WT-CA tubes were prepared as described by Bayro et al. (15) . R18L-CA spheres were prepared by concentrating purified R18L-CA to 60 -90 mg/ml in pH 6.5 elution buffer (25 mM K-MOPS with 90 mM NaCl) and mixing with 1.5 M NaCl in 20 mM Tris buffer (pH 8.5), in a 1:2 volume ratio. The final R18L-CA concentration was 20 -30 mg/ml, the final NaCl concentration was 1.0 M, and the final pH was 8.0. R18L-CA sheets were prepared as described by Ganser-Pornillos et al. (2) . Purified R18L-CA was concentrated to 100 -130 mg/ml in elution buffer. The concentrated R18L-CA solution was then diluted to 25-32.5 mg/ml in assembly buffer (18% (w/v) polyethylene glycol (PEG) 20,000, 50 mM sodium cacodylate, and 100 mM calcium acetate) by adding appropriate volumes of 30% (w/v) PEG 20,000, 1.0 M sodium cacodylate (pH 6.5), and 1.0 M calcium acetate (pH 7.0).
WT-CA and R18L-CA solutions were incubated at 37°C for 60 min to produce the tubes, spheres, and sheets. Solutions were then centrifuged at 80,000 ϫ g for 10 min and the supernatant was removed. For solid state NMR measurements, ϳ10 mg of pelleted protein was transferred from the microcentrifuge tube to a 3.2-mm diameter thin-wall magic-angle spinning (MAS) rotor by centrifugation at 50,000 ϫ g for 30 -60 min, using a sample packing device made in our laboratory.
Transmission Electron Microscopy and Atomic Force Microscopy-Transmission electron microscopy (TEM) with negative staining was used to confirm assembly of WT-CA and R18L-CA into the desired morphologies. TEM images of WT-CA tubes were obtained as previously described (14, 15) . For TEM imaging of R18L-CA spheres, an aliquot of an incubated R18L-CA solution (before centrifugation to pellet the assemblies) was diluted 5-fold using 1.0 M NaCl. A 5-l aliquot of the diluted solution was applied immediately to the glowdischarged TEM grid (Quantifoil part number S 7/2, 2 nm-carbon film thickness), blotted away with filter paper after a 40-s adsorption period, rinsed twice with 5 l of water followed by blotting, stained for 40 s with 5 l of 3% uranyl acetate, blotted again, and dried in air. For TEM imaging of R18L-CA sheets, a 5-l aliquot of incubated R18L-CA solution was applied to the TEM grid without dilution, allowed to adsorb for 40 s, blotted, and immediately washed using ϳ6 ml of 0.1 M KCl solution, applied drop-by-drop to remove excess PEG from the grid surface. The grid was then stained for 40 s with 5 l of 3% uranyl acetate, blotted, and dried in air. Images were recorded with an FEI Morgagni microscope, operating at 80 keV.
Atomic force microscope (AFM) images of R18L-CA sheets were also recorded, using a Veeco MultiMode AFM and Nanoscope IV controller, equipped with a fluid cell and operating in tapping mode with a silicon nitride probe (0.32 N/m spring constant, triangular cantilever). For AFM imaging, an incubated R18L-CA solution was diluted 10-fold in a dilution buffer that contained 330 mM NaCl, 6% (w/v) PEG 20,000, 17 mM sodium cacodylate (pH 6.5), and 33 mM calcium acetate. A 5-l aliquot of the diluted solution was applied immediately to a freshly cleaved mica disk, which was placed on the AFM scanner. The fluid cell was filled with 100 l of dilution buffer, and the AFM head (containing the fluid cell) was placed on top of 15 N labeled. U-WT-CA and U-R18L-CA are also uniformly 13 C labeled. 2-Glyc-WT-CA is partially 13 C labeled by using [2-13 C]glycerol (Glyc) as the carbon source in the protein expression medium. Met-WT-CA is uniformly 15 N, 13 C labeled only at methionine residues. 2-Glyc,Met-R18L-CA is partially 13 C labeled with [2-13 C]glycerol and simultaneously uniformly 15 N, 13 C labeled at methionine residues.
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the scanner. Images were recorded at 9.35 m/s scan rates.
Although stable AFM images of R18L-CA sheets were readily obtained, we did not succeed in obtaining AFM images of R18L-CA spheres under similar conditions, presumably because the spheres were more easily dislodged from the mica surface by the rastering AFM probe. Solid State NMR-Solid state NMR measurements were performed at 14.1 tesla on a Varian InfinityPlus spectrometer operating at 1 H NMR frequency of 599.2 MHz, using a 3.2-mm Varian BioMAS probe. Sample temperatures were maintained at 20°C with cold nitrogen (FTS XR AirJet chiller), as monitored by the temperature-dependent 1 H NMR chemical shift of water in the capsid protein samples. Two-and three-dimensional spectra were recorded at 12.0 -12.5 kHz MAS frequency. Typical 1 H-13 C cross-polarization conditions used a 62 kHz radiofrequency (rf) field for 1 H and a ramped 13 C rf field centered around 50 kHz, with a 0.75-ms contact time. Typical 1 H-15 N cross-polarization conditions used a 44 kHz rf field for 1 H and a ramped 15 N rf field centered around 32 kHz, with a 1.00-ms contact time. 1 H decoupling fields were typically 70 kHz, with two-pulse phase modulation (43) . Recycle delays were 2.0 -2.2 s for all measurements.
Two-dimensional 13 C-13 C spectra were recorded with 20 -500 ms dipolar-assisted rotational resonance (DARR) mixing periods (44, 45) . Two-and three-dimensional NCACX and NCOCX experiments were carried out with 3.0 -4.0 to 4.0 ms frequency-selective 15 N-13 C cross-polarization, using rf fields of 30 kHz on 15 N and 17.5 kHz on 13 C for NCACX spectra ( 13 C rf carrier centered in the 13 C ␣ region), and 30 kHz on 13 C and 17.5 kHz on 15 N for NCOCX spectra ( 13 C rf carrier centered in the 13 CO region). 13 C-13 C mixing in NCACX and NCOCX experiments was achieved using 25-500 ms DARR periods. For WT-CA tubes and R18L-CA sheets, two-dimensional 15 N-13 C spectra were also obtained with the 13 C rf carrier frequency centered in the Trp aromatic region during 15 N-13 C cross-polarization (two-dimensional NC AROM ), and without an additional 13 C-13 C polarization transfer period.
Two-dimensional 13 C-13 C total through-bond correlation (TOBSY) spectra (46) were recorded with preparation of initial 13 C polarization by refocused 1 H-13 C insensitive-nuclei enhanced polarization transfer (INEPT) (47) followed by a 5.04-ms 13 C-13 C TOBSY mixing period. The MAS frequency was set to 5.952 kHz to allow for a TOBSY matching condition with the 13 C rf field of 71.4 kHz. The 1 H decoupling field was 64 kHz.
Two-and three-dimensional spectra were processed and analyzed with NMRPipe (48) and Sparky software. Gaussian apodization of 50 -60 Hz was applied in all dimensions of two-dimensional and three-dimensional spectra, without artificial resolution enhancement. For two-dimensional INEPT-TOBSY spectra, Gaussian apodization was 30 Hz and 15 Hz in t 1 and t 2 dimensions, respectively. Additional details of NMR measurement conditions are given in the figure captions.
Results
Morphologies of WT-CA and R18L-CA Assemblies- Fig. 1A shows a typical TEM image of negatively stained WT-CA tubes, formed at pH 8.0 in 1.0 M NaCl. As previously described (14, 15) , WT-CA tubes prepared under these conditions have diameters in the 35-60 nm range, indicating a mixture of helical symmetries (3, 4) , and lengths that exceed 500 nm. Some of the WT-CA tubes are likely to be multilayered assemblies (14) . Fig. 1 , B and C, show TEM images of negatively stained R18L-CA spheres, also formed at pH 8.0 and 1.0 M NaCl. The apparent diameters of the spheres vary from 20 to 100 nm, consistent with previous observations (2) . The smallest diameter is roughly equal to that of a truncated icosahedron, or "soccer ball," that could be formed by 12 R18L-CA pentamers and 20 R18L-CA hexamers. For an ideal icosahedron with equal distances, d, between neighboring vertices, the distance between diametrically opposed vertices is as shown.
In the two-dimensional R18L-CA lattice characterized by electron diffraction (2), the distance between the centers of hexamers is 9.27 nm Ϸ d, suggesting a minimum diameter of ϳ18 nm for R18L-CA spheres.
At pH 6.5 and in the presence of PEG 20,000 and sodium cacodylate, R18L-CA forms patches of planar sheets (2) , which appear to be single layered or multilayered in TEM images with negative staining. Fourier transforms of selected regions show faint but discernible "diffraction" spots with 6-fold symmetry, indicating that the planar sheets contain a nearly crystalline two-dimensional lattice (Fig. 1 , D and E). Some objects with undefined structure are also observed in the TEM images. These objects may result from folding of the sheets on the TEM grid or partial dissociation of planar assemblies during preparation of the TEM grids.
As shown in Fig. 2 , R18L-CA sheets can also be visualized by AFM, performed with the sheets adsorbed to a mica surface and submerged in a pH 6.5 buffer containing PEG 20,000 and sodium cacodylate. Single sheets have uniform heights of 6.0 Ϯ 0.2 nm, in excellent agreement with the 5.9 nm thickness of the two-dimensional R18L-CA lattice structure identified by electron diffraction (2) and the 5.7-nm interlayer spacing in a recent x-ray crystal structure of WT-CA hexamers (5) . Features with 12-nm heights are also seen in the AFM images, indicating the presence of doublelayered sheets.
Similarity of the Underlying Molecular Structures-Despite the heterogeneous appearance of CA assemblies (e.g. variations in diameters, mixtures of single layer, and multilayer assemblies), solid state NMR spectra of the three samples are comparable in resolution to spectra of other homogenous, non-crystalline protein samples obtained under similar experimental conditions (41, 42) . The three types of CA assemblies were also found to be stable under solid state NMR measurement conditions, with moderate MAS fre-quencies (Յ12.5 kHz) and sample temperatures in the 10°Ϫ25°C range. No noticeable changes in the spectra were observed after several weeks of experiments. Fig. 3 shows two-dimensional 13 C-13 C correlation spectra of the three uniformly labeled samples, with representative onedimensional slices to illustrate the resolution and signal-tonoise. Although one might expect U-R18L-CA sheets to show sharper solid state NMR lines than U-R18L-CA spheres or U-WT-CA tubes, due to the absence of lattice curvature in the sheets, in fact the 13 C line widths (full width at half-maximum) are typically 0.7 ppm in all three samples. One might also speculate that two-dimensional spectra of U-R18L-CA sheets would show a larger number of detectable cross-peaks than two-dimensional spectra of U-R18L-CA spheres or U-WT-CA tubes (because of a lower degree of conformational disorder in the U-R18L-CA sheets), or conversely that two-dimensional spectra of U-R18L-CA sheets would show a smaller number of detectable cross-peaks (because of the higher symmetry in U-R18L-CA sheets). In fact, two-dimensional spectra of the three types of assemblies show nearly the same numbers of detectable cross-peaks. Differences in cross-peak positions among the three two-dimensional 13 C-13 C correlation spectra in Fig. 3 are also minor, despite the large differences in morphology. These results indicate that the underlying molecular conformations of WT-CA and R18L-CA are quite similar in the three samples, and that the number of structurally ordered residues is nearly the same in the three samples. Differences in cross-peak intensities are observed in various positions in the spectra, attributable to site-specific differences in conformational rigidity.
Two-dimensional NCACX and NCOCX spectra were also obtained for the three types of assemblies, using U-WT-CA and U-R18L-CA. These two-dimensional spectra are compared in supplemental Fig. S1 (NCACX) and supplemental Fig. S2 (NCOCX). 15 N line widths are typically 1.0 ppm for all three samples. As with the two-dimensional 13 C-13 C spectra, the numbers of cross-peaks and the cross-peak positions are nearly the same in two-dimensional NCACX and in two-dimensional NCOCX spectra of the three samples. 13 C and 15 N chemical shift assignments for R18L-CA spheres and R18L-CA sheets were obtained from three-dimensional NCACX and NCOCX spectra of the uniformly labeled samples, along with the two-dimensional spectra described above. Examples of two-dimensional planes from the three-dimensional spectra are shown in Figs. 4 and supplemental Fig. S3 . Chemical shift differences between R18L-CA spheres and R18L-CA sheets are more obvious in the three-dimensional spectra, due to the higher resolution and dimensionality. Assignments were obtained by matching cross-peaks in twoand three-dimensional spectra of U-R18L-CA assemblies with cross-peaks in spectra of U-WT-CA tubes, for which chemical shift assignments were determined previously by Bayro et al. (41) . Assignments in U-R18L-CA assemblies were confirmed by checking connections to signals of neighboring residues, using the NCOCX spectra.
Of the total of 231 residues, chemical shifts were assigned for 152 residues in R18L-CA spheres; chemical shifts were assigned for 174 residues in R18L-CA sheets. Assignments are listed in supplemental Tables S1 and S2. For R18L-CA sheets, most residues that lack chemical shift assignments are located at in the N-terminal segment (residues 3-7 and 9 -13), the C-terminal tail (residues 220 -231), the NTD-CTD linker (residues 141-145), and the segment between helices 8 and 9 (residues 170 -173, 175-176, and 179 -180). For R18L-CA spheres, additional unassigned residues include 28 -30, 61-62, 178, and 181-182. The segments that contain unassigned residues in R18L-CA sheets and spheres are essentially the same as the segments that contain unassigned residues in WT-CA tubes, consistent with essentially the same distributions of structurally ordered and disordered segments in the three types of assemblies. Signals assigned to Pro 1 and Ser 2 were observed in all three types of assemblies, indicating that the very N terminus of CA is structurally ordered, presumably through salt bridge interactions with Asp 51 (21, 23) . The fact that WT-CA tubes have fewer unassigned residues is attributable to the more extensive set of solid state NMR spectra for WT-CA tubes recorded by Bayro et al. (15) .
Residue-specific root mean square differences between solid state NMR chemical shifts in R18L-CA assemblies and chemical shifts in WT-CA tubes are displayed on CA hexamers and monomers in a color-coded manner in Fig. 5 . Backbone structures in Fig. 5 are taken from PDB file 3J34. For a given residue, the r.m.s. chemical shift difference is defined as,
where ⌬ CO , ⌬ N , ⌬ C␣ , and ⌬ C␤ are differences for backbone carbonyl, amide nitrogen, ␣-carbon, and ␤-carbon sites. When one or more of these chemical shifts are not available, the denominator in the definition of ⌬ rms is adjusted accordingly. ⌬ rms values are also given in supplemental Tables S1 and S2. For most residues for which chemical shift assignments are available, ⌬ rms Ͻ 0.4 ppm (yellow in Fig. 5 ), indicating a difference that is within the estimated uncertainty in our chemical shift values due to limitations imposed by line widths and signal-tonoise. Residues with ⌬ rms Ͼ 0.4 ppm (orange in Fig. 5 ) are not localized in specific protein segments or at specific regions of intermolecular interactions. These results indicate that conformational differences are relatively minor and distributed over the molecular structures. 15 N and 13 C chemical shift values were also used as input for secondary structure predictions by the TALOSϩ program (49) . Predictions are given in supplemental Tables S1 and S2. The 11 expected ␣-helical segments are identified by TALOSϩ. A short helix at the N-terminal end of CTD (residues 150 -152) is predicted by TALOSϩ for R18L-CA sheets, consistent with the 3 10 -helix seen in some crystalline forms of CTD (PDB files 1A43 and 2XT1), in crystalline forms of full-length CA (PDB files 3MGE, 3P05, and 4XFX), but not in other crystalline or soluble forms of CTD (PDB files 1A8O and 2KOD). The same segment is not predicted to be helical in R18L-CA spheres or WT-CA tubes, although the solid state NMR chemical shifts are similar in all three samples and the backbone and torsion angles predicted by TALOSϩ are also similar. The difference in secondary structure predictions for this segment is therefore unlikely to indicate real structural differences. . The one-dimensional slices are color-coded to match the two-dimensional spectra. DARR mixing periods between t 1 and t 2 periods were 100 ms for U-WT-CA tubes and 25 ms for U-R18L-CA spheres and sheets. Maximum t 1 periods were 5.0 -8.9 ms. Total measurement times were ϳ18 h. Contour levels increase by factors of 1.5. JUNE 17, 2016 • VOLUME 291 • NUMBER 25
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Absence of Detectable Signals Attributable to CA Pentamers-To reduce the complexity of the solid state NMR spectra, samples of WT-CA and R18L-CA were prepared with partial 13 C labeling, using [2-13 C]glycerol as the carbon source in the protein expression medium (50, 51) . For R18L-CA, methionine residues were also fully 13 C labeled. Regions of the twodimensional NCACX spectra of 2-Glyc-WT-CA tubes, 2-Glyc,Met-R18L-CA spheres, and 2-Glyc,Met-R18L-CA sheets are shown in Figs. 6 and supplemental Fig. S4 . Two-dimensional 13 C-13 C spectra are shown in supplemental Fig. S5 . Overall, the spectra of the three samples are very similar, with few significant differences in cross-peak positions and widths. Relative intensities of certain cross-peaks vary, most likely due to differences in local dynamics. For example, a cross-peak from Ile 201 at 64.7 ppm/123.2 ppm is weaker in the two-dimensional NCACX spectrum of 2-Glyc,Met-R18L-CA spheres than in the corresponding spectra of 2-Glyc-WT-CA tubes and 2-Glyc-,Met-R18L-CA sheets. A cross-peak from Thr 188 at 63.8 ppm/ 108.7 ppm is stronger in the two-dimensional NCACX spectrum of 2-Glyc-WT-CA tubes than in the corresponding spectra of 2-Glyc,Met-R18L-CA spheres or sheets. A crosspeak from Phe 161 at 62.8 ppm/127.4 ppm in the two-dimensional NCACX spectra of 2-Glyc,Met-R18L-CA spheres and sheets is weaker (and shifted) in the corresponding spectrum of 2-Glyc-WT-CA tubes.
As discussed above, the smallest R18L-CA spheres may contain both R18L-CA pentamers and R18L-CA hexamers, in a 3:5 ratio. One might expect molecules in pentamers to have significantly different chemical shifts, especially for residues that are involved in intermolecular interactions that differ in pentamers and hexamers (6, 8) . However, two-dimensional spectra of R18L-CA spheres in Figs. 6, supplemental Figs. S4 and S5 do not show additional cross-peak signals that can be attributed to pentamers. Because the proportion of pentamers is expected to be smaller in larger spheres, this result may reflect the fact that spheres with minimal diameter represent less than half of the R18L-CA molecules in our samples.
Differences in Trp and Met Side Chain Signals-CA contains five tryptophan residues. Trp 23 , Trp 117 , and Trp 133 are buried within NTD, whereas Trp 80 is partly exposed. Trp 184 is located in the intermolecular dimerization interface between CTD pairs ( Fig. 7A) and is a critical determinant of CTD dimerization, both in solution and in capsid assemblies (20, 24, 52) . Fig.  8 shows regions of two-dimensional 13 C-13 C and 15 N-13 C spectra in which tryptophan side chain signals appear. The twodimensional spectra of R18L-CA spheres or R18L-CA sheets are superimposed on spectra of WT-CA tubes. Cross-peak positions for Trp 23 and Trp 117 are nearly identical in all three samples. Significant changes in side chain chemical shifts for Trp 80 and Trp 133 are observed. Interestingly, these two side chains are in close proximity, with a distance of 4.3 Ϯ 0.1 Å between C ⑀3 of Trp 80 and C 2 of Trp 133 in PDB files 4XFX, 1M9C, 3P05, and 3MGE. The observed differences in chemical shifts suggest a minor difference in structure between helices 4 and 7 of NTD in R18L-CA assemblies, compared with WT-CA tubes.
Chemical shifts for Trp 184 are nearly identical in WT-CA tubes and R18L-CA spheres. In R18L-CA sheets, a side chain C ␦1 /N ⑀1 cross-peak is not observed for Trp 184 , whereas C ␦1 /N ⑀1 cross-peaks are observed for all other tryptophan residues. This observation suggests that the Trp 184 side chain has greater disorder in R18L-CA sheets than in other assemblies.
The side chain of Met 185 is also located in the CTD-CTD dimerization interface (Fig. 7A) . Signals from methionine residues are seen in the regions of two-dimensional 13 C-13 C spectra shown in Fig. 9 . Although cross-peaks from Met 185 are clearly seen in spectra of Met-WT-CA tubes and 2-Glyc,Met-R18L-CA spheres, cross-peaks from Met 185 are absent from the two-dimensional spectrum of 2-Glyc,Met-R18L-CA sheets. This observation provides further support for greater disorder in the dimerization interface in R18L-CA sheets, as the Met 185 side chain also participates in intermolecular interactions in the dimerization interface (5, 19, 26) .
Cross-peaks from Met 39 are also clearly seen in the spectrum of Met-WT-CA tubes (Fig. 9A ), but are absent or unresolved in the spectra of 2-Glyc,Met-R18L-CA assemblies (Fig. 9, B and CA dimension) . B, slices at 65.5 ppm in the t 2 dimension. Cross-peak assignments are based on analyses of two-and three-dimensional spectra and on previously reported assignments for WT-CA tubes (15) . Spectra were recorded with 20 ms DARR mixing periods between t 2 and t 3 periods. Maximum t 1 and t 2 periods were 5.2-5.9 and 6.0 -6.7 ms, respectively. Total measurement times were ϳ12 days. Contour levels increase by factors of 1.2. C). In crystal structures of CA hexamers (5, 6) and pentamers (8) , the Met 39 side chain participates in a hydrophobic pocket that presumably stabilizes NTD-NTD contacts, through intermolecular interactions with Leu 20 and Val 24 . Mutation of Met 39 to alanine prevents formation of WT-CA tubes (13) . Differences in Met 39 signals shown in Fig. 9 suggest differences in the intermolecular NTD-NTD interface that involves helices 1 and 2 in capsid protein assemblies with different morphologies.
Two-dimensional 13 C-13 C spectra of 2-Glyc,Met-R18L-CA assemblies in Fig. 9 , which were obtained with 500 ms DARR mixing periods, also show inter-residue cross-peaks that con-nect Ala 22 , Trp 23 , Leu 43 , and Ser 44 with Met 55 . (Inter-residue cross-peaks are not seen in the spectrum of WT-CA tubes in Fig. 9 because only methionine residues were 13 C labeled in the Met-WT-CA sample.) As shown in Fig. 7B , Trp 23 is in helix 1 of NTD, Leu 43 and Ser 44 are in helix 2, and Met 55 is in helix 3. The observation of inter-residue cross-peaks indicates inter-residue 13 C-13 C distances of ϳ7 Å or less. The fact that the relative intensities of the inter-residue cross-peaks are somewhat different in the two-dimensional spectra of 2-Glyc,Met-R18L-CA spheres and 2-Glyc,Met-R18L-CA sheets suggests that subtle differences in intramolecular helix-helix distances and/or orientations may exist. Structural differences of this type may con- Hexamer and monomer structures come from PDB file 3J34. Chemical shifts of R18L-CA spheres and WT-CA tubes are compared in panels A-C. Chemical shifts of R18L-CA sheets and WT-CA tubes are compared in panels D-F. Yellow and orange residues have 0.0 ppm Ͻ ⌬ rms Ͻ 0.4 ppm and ⌬ rms Ն 0.4 ppm, respectively. Blue residues do not have assigned chemical shifts. The hexamer is viewed from "above" in panels A and D, and "below" in panels B and E. Helical segments are numbered in panels C and F, and the R18L mutation site is shown.
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tribute to differences in the curvature and morphology of the capsid protein assemblies.
Differences in Dynamics of Disordered Segments-Highly mobile segments of WT-CA and R18L-CA assemblies were probed by two-dimensional 13 C-13 C INEPT-TOBSY measurements. The two-dimensional INEPT-TOBSY spectra were recorded with conditions resembling those in solution NMR measurements, i.e. 1 H- 13 C and 13 C-13 C spin polarization transfers mediated by scalar (rather than dipole-dipole) couplings, low-power proton decoupling, and relatively slow MAS. Under these conditions, cross-peak signals can only be observed from residues that undergo rapid (submicrosecond) and nearly isotropic orientational motion. In general, one expects residues that have signal assignments in solid state NMR spectra not to contribute to the two-dimensional INEPT-TOBSY spectra, because such residues should not have sufficient mobility.
The two-dimensional INEPT-TOBSY spectrum of U-WT-CA tubes (Fig. 10A) shows a greater number of strong cross-peaks than the corresponding spectra of U-R18L-CA spheres or sheets (Fig. 10, B and C) , indicating a greater number of highly mobile residues. Differences in the numbers of detectable cross-peaks are not simply due to differences in overall signalto-noise, as shown by the one-dimensional slices in Fig. 10 .
Assignment of two-dimensional INEPT-TOBSY cross-peaks to residue types is based on 13 C chemical shifts, with the reasonable assumption that chemical shifts of highly mobile residues are approximately equal to random-coil values (53) . For U-WT-CA tubes, signals from Ala, Asp/Asn, Glu, Gly, Ile, Lys, 
Leu, Met, Pro, Arg, Ser, Thr, and Val residues are observed. Signals from Ala, Glu, Gly, Ile, Lys, Leu, Met, Pro, Arg, and Val residues can explained by high mobility in the C-terminal tail (residues 220 -231), the NTD-CTD linker (residues 141-145), and the segment between helices 8 and 9 (residues 172-182). Signals from Ser and Thr residues may arise from Ser 146 and Thr 171 , which have tentative assignments in solid state NMR spectra of WT-CA tubes, but not definitive assignments (15) . Signals from Asp or Asn residues are problematic, because all Asp and Asn residues have assignments in solid state NMR spectra. A likely explanation for the Asp/Asn cross-peaks in the two-dimensional INEPT-TOBSY spectrum of U-WT-CA tubes (which may also apply to the Ser and Thr cross-peaks) is that the WT-CA tubes contain dynamic heterogeneity, meaning that certain residues are relatively rigid in some WT-CA molecules within the tubes but highly mobile in other WT-CA molecules.
The two-dimensional INEPT-TOBSY spectrum of U-R18L-CA sheets (Fig. 10C) shows cross-peaks from the same residue types as the two-dimensional INEPT-TOBSY spectrum of WT-CA tubes, except that cross-peaks from Asp/Asn residues are absent. Relative intensities of various cross-peaks are clearly different in spectra of U-R18L-CA sheets and U-WT-CA tubes, indicating differences in mobilities. For U-R18L-CA spheres (Fig. 10B) , strong cross-peaks are only observed for Lys and Leu residues, possibly arising from Lys 227 and Leu 231 in the C-terminal tail. Weaker cross-peaks from Arg and Val residues are observed, possibly arising from Arg 229 and Val 230 . No diagonal signals from Gly ␣-carbons are observed, despite the presence of Gly at residues 220, 222, 223, and 225. The motions of disordered residues in R18L-CA spheres appear to be restricted or slowed, even in the C-terminal tail.
Discussion
The ability of the HIV-1 capsid protein to self-assemble spontaneously into supramolecular structures with several distinct morphologies, all based on the same lattice and nearly the same intermolecular contacts, is an intriguing and biologically relevant phenomenon that must depend on variations in local molecular structure and/or dynamics. Data presented above provide new insights into the nature of these variations. The main result is that solid state NMR spectra of tubular WT-CA assemblies, spherical R18L-CA assemblies, and planar R18L-CA assemblies are remarkably similar. 13 C and 15 N chemical shifts for the structurally ordered and relatively rigid residues that contribute to solid state NMR spectra vary by less than 0.5 ppm for backbone CO, C ␣ , C ␤ , and backbone N sites of most residues (Fig. 5 , supplemental Tables S1 and S2). Twodimensional 13 C-13 C and 15 N-13 C spectra are nearly indistinguishable ( Figs. 3, 6 , supplemental Figs. S1, S2, and S5). There are no major differences in the backbone conformations or the identities of structurally ordered segments in the tubular, spherical, and planar assemblies.
It is useful to compare these observations with solid state NMR data for the 56-residue B1 domain of streptococcal immunoglobulin-binding protein G (GB1). Rienstra and co-workers (54, 55) have determined chemical shift assignments for GB1 microcrystals prepared under various conditions that result in different crystal forms. The backbone structures are essentially identical in all cases. Comparisons of chemical shifts deposited in the Biological Magnetic Resonance Data Bank (BMRB codes 17810, 15380 formulation D, 15380 formulation E, and 18397) lead to values of ⌬ rms that range from 0.02 to 0.98 ppm, with mean value and standard deviation equal to 0.20 and 0.12 ppm. Chemical shift variations for HIV-1 capsid protein assemblies reported in supplemental Tables S1 and S2 are larger by a factor of about 2.0, with a significant part of the larger variation being attributable to the broader solid state NMR lines and more highly congested spectra of the capsid protein assemblies. Thus, conformational variations in structurally ordered segments of capsid protein assemblies are not much larger than conformational variations of GB1 in different crystal forms.
As an additional assessment of the significance of the observed ⌬ rms values, Fig. 11 shows the results of chemical shift predictions for reported CA structures. Values of ⌬ rms between engineered CA mutants that form crystalline hexamers and pentamers (6, 8) (PDB files 3MGE and 3P05), calculated from predictions generated from atomic coordinates by the SHIFTS (56) and ShiftX (57) programs, are substantially larger than our experimental values of ⌬ rms between WT-CA tubes and R18L-CA sheets (Fig. 11A ). Predicted ⌬ rms values between unequivalent molecules within a cryo-EM-based model for WT-CA tubes (4) (PDB file 3J34) are also substantially larger (Fig. 11C) . These calculations support the idea that conformational differences among WT-CA tubes, R18L-CA sheets, and R18L-CA tubes are smaller than the differences among these structural models (Fig. 11, B and D) .
The r.m.s. deviation for ␣-carbon coordinates between hexamer-forming and pentamer-forming CA mutants (Fig. 11, A  and B ) is 1.73 Å. When only residues 150 -200 are superimposed, the ␣-carbon r.m.s. deviation for these residues is only 0.79 Å. Yet predicted chemical shift differences (quantified by ⌬ rms values) are greater than 1.5 ppm for many residues, larger than the chemical shift differences observed in our experiments on WT-CA and R18L-CA assemblies.
For residues 151-173, differences in backbone and torsion angles between the crystallographic structures of hex- 
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amer-forming and pentamer-forming mutants are less than 20°. Predicted ⌬ rms values for these residues are 0.6 ppm or less using SHIFTX (but 1.8 ppm or less using SHIFTS, which generally predicts stronger dependences of chemical shifts on local protein conformation). Experimental ⌬ rms values for residues 151-173 are less than 0.65 ppm when experimental chemical shifts of WT-CA tubes are compared with those of either R18L-CA sheets or R18L-CA spheres. Thus, the observed chemi- A and C, two-dimensional spectra of R18L-CA spheres (blue), overlaid on two-dimensional spectra of WT-CA tubes (black). Assignments of cross-peaks from tryptophan residues and one tyrosine residue are shown. B and D, two-dimensional spectra of R18L-CA sheets (red), overlaid on two-dimensional spectra of WT-CA tubes (black). Spectra in panels A and B were obtained with U-R18L-CA and U-WT-CA. Spectra in panels C and D were obtained with 2-Glyc,Met-R18L-CA and 2-Glyc-WT-CA. DARR mixing periods were 500 ms in two-dimensional 13 C-13 C spectra and 140 ms in twodimensional 15 N-13 C spectra. Maximum t 1 periods were 6.9 ms in two-dimensional 13 C-13 C spectra and 6.4 ms in two-dimensional 15 N-13 C spectra. The 13 C carrier frequency during 15 N-13 C cross-polarization was set to 127 ppm in the two-dimensional 15 N-13 C spectrum of 2-Glyc-WT-CA tubes and 174 ppm in two-dimensional 15 N-13 C spectra of 2-Glyc,Met-R18L-CA assemblies, accounting for differences in signals below 115 ppm in these spectra. Contour levels increase by factors of 1.2. Inter-residue cross-peaks in two-dimensional spectra of 2-Glyc,Met-R18L-CA assemblies, which were also partially 13 C labeled at non-methionine residues by expression with [2-13 C]glycerol as the carbon source, are indicated by purple labels and arrows. D, color-coded one-dimensional slices at 31.8 and 59.9 ppm (dashed lines in two-dimensional spectra). Spectra were recorded with 500-ms DARR mixing periods and maximum t 1 periods of 6.9 ms. Contour levels increase by factors of 1.2. cal shift differences in solid state NMR spectra of the three types of CA assemblies indicate backbone torsion angle differences in structurally ordered segments that are less than 20°.
As discussed above, certain protein segments do not contribute signals to solid state NMR spectra of WT-CA tubes (15) . The observation that multidimensional solid state NMR spectra of R18L-CA sheets show essentially the same number of cross-peaks and the same NMR line widths as spectra of WT-CA tubes indicates that the absence of signals from certain segments is not due to static conformational disorder associated with the lower symmetry of the tubular assemblies. Apparently, the curvature of the lattice in WT-CA tubes does not lead to a significant increase in conformational variations in the rigid segments of CA molecules, relative to a planar lattice. Segments that are invisible in solid state NMR measurements on WT-CA tubes remain invisible in measurements on R18L-CA sheets. Most likely, the invisible segments are dynamically disordered (15, 40) in tubular, planar, and spherical assemblies. The precise ranges of conformations explored by the dynamically disordered segments may vary among different types of assemblies (and among symmetry-unequivalent molecules within WT-CA tubes), allowing for the observed variations in lattice curvature. Related suggestions regarding the origin of lattice curvature have been made previously by Bailey et al. (58) and Pornillos et al. (8) Although the backbone structure is essentially unchanged in the three types of capsid protein assemblies, differences in solid state NMR signals are observed for certain amino acid side chains (Figs. 8 and 9), including side chains of Trp 184 and Met 185 . These side chains are critical for CTD-CTD dimerization, both in unassembled CA (24, 52) and in the CA lattice (5, 6) , and are essential for infectivity of HIV-1 virions (59) . In particular, R18L-CA sheets show altered or absent signals from Trp 184 and Met 185 side chains, which are strong and well resolved in spectra of both WT-CA tubes and R18L-CA spheres. Thus, it appears that lattice curvature involves some level of variation in the intermolecular packing of critical side chains in the dimerization interface.
Side chain signals of Trp 80 and Trp 133 also exhibit variations that suggest differences in intramolecular helix-helix packing within different types of assemblies. Variations in the intensities of inter-residue cross-peaks involving Met 55 also suggest differences in intramolecular helix-helix packing. The observed variations in solid state NMR signals from these intramolecularly buried side chains are unexpected, as the corresponding differences between x-ray crystal structures of engineered CA hexamers and pentamers are quite small (6, 8) . For all atoms in Trp 80 and Trp 133 within one CA molecule, the r.m.s. deviation value between PDB files 3P05 and 3MGE is only 0.12 Å; for all atoms in Trp 23 , Leu 43 , and Met 55 , the r.m.s. deviation value is 0.39 Å. Quantification of the structural variations suggested by data in Figs. 8 and 9 may be feasible with additional solid state NMR measurements on selectively labeled samples.
Differences in the dynamics of flexible protein segments are apparent in Fig. 10 . Surprisingly, the two-dimensional 13 C-13 C INEPT-TOBSY spectra indicate fewer highly dynamic residues in R18L-CA spheres, compared with R18L-CA sheets or WT-CA tubes. Differences in these spectra may result from differences in the time scales of molecular motions, rather than differences in the amplitudes of motions.
In conclusion, we have shown that the identities and conformations of structurally ordered, rigid segments of the HIV-1 capsid protein (i.e. segments that contribute to solid state NMR spectra) are nearly identical in tubular, spherical, and planar assemblies. Conformational distributions in disordered segments may vary, accounting for variations in lattice curvature among different types of assemblies. Variations in solid state NMR signals from certain amino acid side chains are also observed, suggesting that the structure of the intermolecular CTD dimerization interface may be different in curved and planar lattices and intramolecular helix-helix packing within the NTD may be somewhat variable.
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